Increased Intimal Hyperplasia and Smooth Muscle Cell
Proliferation in Transgenic Mice With Heparan Sulfate-Deficient Perlecan S mooth muscle cell (SMC) proliferation contributes to development of atherosclerotic and restenotic lesions. In normal vessels, SMCs are surrounded by basement membranes composed of laminin (LN), type IV collagen, and heparan sulfate proteoglycans (HSPGs) such as perlecan. 1, 2 Basement membrane components retain differentiated properties and prevent proliferation of SMCs in vitro. 3, 4 SMC activation after arterial injury is coupled to disappearance of LN and basement membrane structures, whereas fibronectin (FN) accumulates around proliferating cells in the arterial media and intima. 5 These observations indicate that basement membrane components take part in the regulation of the differentiated and quiescent state of SMCs. 6 Perlecan is the predominant HSPG in basement membranes and vessels. 7, 8 It has a core protein with five globular domains, and HS glycosaminoglycan (GAG) side-chains are attached to exon-3 in domain-I, resulting in a molecule of Ϸ800 kDa. 7, 9 Heterogeneity with respect to GAG side-chains has been described, and additional attachment sites are found in domain V. 10 Perlecan is important for the structural integrity of basement membranes but also influences cellular function and has been attributed a critical role in vascular disease. 11, 12 It may both suppress and promote cell proliferation. 13, 14 Heparin and HS inhibit SMC migration and proliferation in intimal hyperplasia after arterial injury by binding to and modulating the activity of growth factors, such as fibroblast growth factor (FGF)-2. [15] [16] [17] [18] In vivo, purified arterial HSPGs inhibit intimal lesion formation after arterial injury, and antisense-mediated suppression of perlecan production in endothelial cells abolished inhibition of intimal hyperplasia. 18, 19 It was recently shown that deposition of perlecan in the neointima coincides with reduced SMC proliferation late after balloon injury, whereas heparinase treatment of explanted neointima promoted SMC growth. 20 Perlecan may therefore be essential in control of SMC function, but the specific role for perlecan and its HS side-chains in vascular disease has not been determined. 11 In this study, transgenic mice with targeted deletion of the major HS attachment sites in the perlecan core protein (Hspg2
⌬3/⌬3
) 21 were used to study SMC proliferation in vitro and in vivo in intimal hyperplasia after flow cessation of the carotid artery.
I-FGF-2, nitrocellulose membrane (Hybond), ECL kit, and X-Ray film (Hyperfilm) from Amersham Biosciences; autoradiography reagents from Kodak MSIG; enhancer from New England Biolabs; FGF-2 from Boehringer; and heparin-binding epidermal growth factor (HB-EGF) from R&D Systems. Rat monoclonal antibody against mouse perlecan core protein (HK-102) and against HS (Hep-ss1) were purchased from Seikagaku Corporation (Tokyo, Japan); rat monoclonal antibody against mouse Ki67, HRP-conjugated mouse anti-SMC ␣-actin, and rhodamine-labeled donkey anti-rat IgG from DakoCytomation (Glostrup, Denmark); biotinylated rabbit anti-rat IgG (HϩL), ABC Elite immunodetection kit, diaminobenzidine (DAB), Nova Red, and Vectashield from Vector Laboratories (Burlingame, Calif); and chondroitinase ABC lyase (EC No 4.2.2.4) from ICN Biomedicals. All other reagents, including heparinase I (CAS 9025-39-2) and II (CAS 149371-12-0) and diethylaminoethyl (DEAE) sephacel, were from Sigma.
Transgenic Mice
Mice lacking exon 3 of the perlecan (Hspg2) gene, thus lacking attachment sites for 3 HS side chains, were generated by gene targeting without altering the expression or the reading frame, previously described by Rossi et al. 21 
Hspg2
⌬3/⌬3 were back-bred nine generations to the C57BL/6 background. C57BL/6 mice were purchased from Scanbur-BK, Sweden. Wild-type and homozygous mutant offspring from N9/F2 (second-generation homozygous breeding between littermates) animals were studied. All experiments were approved by the local animal ethics committee.
Light and Electron Microscopy
Animals were euthanized by CO 2 asphyxiation. The heart, aorta, and its main branches were rinsed with PBS and perfusion-fixed with 4% formaldehyde in PBS or 3% glutaraldehyde in 0.1 mol/L sodium cacodylate-HCl buffer (pH 7.3) and 0.05 mol/L sucrose. For light microscopy, the specimens were dehydrated in ethanol (70% to 100%), cleared in xylene, and embedded in paraffin. Sections of 5 m were cut on a standard microtome, stained with H&E or Masson's trichrome, and studied in a Nikon 800 Eclipse microscope (Nikon). For electron microscopy, the specimens were postfixed in 1.5% cacodylate-buffered osmium tetroxide containing 0.7% potassium ferrocyanate, dehydrated in ethanol, stained with 2% uranyl acetate, and embedded in epoxy resin. Sections were cut on a Leica Ultracut, stained, and examined in a Philips CM120 EM.
SMC Culture
The thoracic aorta was separated in situ from its adventitia by microdissection and digested for 8 to 10 hours in 0.1% collagenase in F-12 with 50 g/mL L-ascorbic acid, 50 g/mL streptomycin, 50 IU/mL penicillin, and 0.1% BSA (F-12/0.1% BSA). The cell suspension was filtered, centrifuged, washed in F-12/0.1% BSA, seeded in F-12/20% FCS for primary culture, and fixed for electron microscopy or passaged by trypsinization. Passages 2 through 5 were used for experiments. To confirm stable euploidy, SMCs from passage 6 were analyzed for DNA content by flow cytometry.
Immunocytochemistry and Immunohistochemistry
SMCs were fixed for 60 minutes in PBS/2% formaldehyde, incubated for 15 minutes in 50 mmol/L ammonium chloride, and permeabilized for 3 minutes in PBS/0.2% Triton X-100. Nonspecific binding was blocked with PBS/0.2% BSA. Hidden epitopes were unmasked for 30 minutes in PBS/hyaluronidase (15 000 U/mL) at 37°C, followed by 3 hours of incubation at 20°C with anti-perlecan (1:100) in PBS/0.1% BSA, washing in PBS, and incubation for 1 hour with rhodamine-labeled donkey anti-rat IgG in PBS/0.2% BSA at 20°C; coverslips were mounted in Vectashield. Paraffin-embedded sections were dewaxed and rehydrated, peroxidase activity was quenched with 0.3% hydrogen peroxide in 70% methanol, and the specimens were boiled for 10 minutes in citrate buffer (pH 6.0) or treated with hyaluronidase to facilitate detection of perlecan core protein. After overnight incubation with anti-perlecan, anti-HS, anti-␣-actin, or anti-Ki67 in TBS/0.1% BSA (1:100), slides were washed with TBS and incubated with secondary biotinylated rabbit anti-rat IgG (1:50 in TBS/2% rabbit serum), followed by ABC immunodetection using DAB or Nova Red (for HS staining) as substrate, and counterstained with hematoxylin.
Metabolic Labeling and Proteoglycan Extraction
SMCs were grown to subconfluence, synchronized for 24 hours in F-12/0.5% FCS, and labeled for 48 hours with 50 Ci/mL 35 S-sulfate in F-12/0.5% FCS. Medium was collected, cell layer-rinsed with PBS, solubilized in 8 mol/L urea, 50 mmol/L Tris-HCl (pH 7.5), 0.5% Triton X-100, 2 mmol/L EDTA, and 0.25 mol/L NaCl (8 mol/L urea/0.25 mol/L NaCl) for 20 minutes, and scraped off the dishes, and protease and phosphatase inhibitors were added (5 mmol/L benzamidine-HCl, 1 mmol/L phenylmethylsulfonylfluoride, and 100 mmol/L 6-aminocaproic acid). PGs in the extracts were concentrated by anion chromatography on DEAE-sephacel in 8 mol/L urea/0.25 mol/L NaCl and eluted with 8 mol/L urea/3 mol/L NaCl. 22 
SDS-PAGE and Western Blotting
Equal amounts (75 000 cpm) of PG concentrates were precipitated in 70% ethanol and 1.0% potassium acetate for 2 hours at Ϫ72°C. The pellets were digested with 0.08 U chondroitinase ABC lyase (chondroitinase) in 30 L of 330 mmol/L Tris-HCl (pH 8.0), 17 mmol/L sodium acetate, and 0.1% BSA or 0.8 U each of heparinase I and heparinase II (heparinases) with or without 0.5 U chondroitinase in 30 L of 33 mmol/L Tris-HCl (pH 7.0), 3 mmol/L calcium acetate, and 6 mmol/L sodium acetate (heparinase buffer) for 2 hours at 37°C and 1 hour at 42°C. SDS-PAGE was performed on 50 000 cpm of digested materials on a 4 -12% gradient gel with a 3.5% stacking gel. The whole gel was fixed, treated for 45 minutes with enhancer, rinsed, dried onto Whatman filter paper, and exposed for 7 days to Kodak film. For Western blotting, digested samples were applied, under nonreducing conditions, on a 5% SDS-PAGE gel (Bio-Rad Mini Protean-II) and transferred to nitrocellulose membranes. The membrane was blocked for 3 hours with 2% BSA in 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, and 0.5% Tween (TTBS) and incubated overnight at 4°C with anti-perlecan (1:2500 in TTBS/1.0% goat serum/0.15% BSA). The membrane was washed in TTBS, incubated with HRP-conjugated goat anti-rat IgG (1:3000 in TTBS/2% BSA) for 2 hours at 20°C, and washed, and HRP activity was detected by ECL. 22 
ELISA
SMCs were plated on 96-well ELISA plates at increasing concentrations (2500 to 25 000 cells/cm 2 ) and grown for 4 days in F-12/20% FCS. The cultures were rinsed with PBS and fixed for 20 minutes in 4% formaldehyde. After blocking for 2 hours with 2% BSA in PBS and hyaluronidase treatment, wells were incubated with antiperlecan or anti-HS, followed by biotinylated secondary antibody as described above. For colorimetric detection, each well was incubated for 20 minutes with 200 L of 4 mg/mL O-phenylenediamine in 0.103 mol/L monosodium phosphate and 0.0485 mol/L citric acid (pH 5.0; McIlvaines buffer). 23 The reaction was arrested with 50 L of 4 mol/L sulfuric acid. Total protein was quantified by Pierce's BCA method (Pierce). Perlecan and HS were quantified at 490 nm, and total protein was quantified at 562 nm in SpectraMax 340 ELISA plate reader (GTF AB).
DNA Synthesis
SMCs grown in F-12/20% FCS were synchronized for 48 hours in F-12/1% FCS and then incubated for 24 hours with 10% FCS, platelet-derived growth factor (PDGF)-AA (20 ng/mL), PDGF-BB (20 ng/mL), FGF-2 (20 ng/mL), or HB-EGF (20 ng/mL) with 1 Ci/mL 3 H-thymidine. The cells were fixed in 3% glutaraldehyde, dehydrated in ethanol, air dried, exposed for 2 days to Kodak NTB2 emulsion (Eastman Kodak Co) at 4°C, developed in Kodak D-19, fixed, and stained with 1% methylene blue. Labeling index was determined by counting 500 cells in each specimen.
Flow-Cessation Model by Ligation of Distal Carotid Artery
Mice were anesthetized with 3% isoflurane, and left common carotid artery was exposed by an anterior midline neck incision and ligated with 6-0 silk proximal to the carotid bifurcation. 24 One (nϭ5) and 6 (nϭ12) weeks after surgery, the animals were euthanized, the vessels were fixed and embedded in paraffin, and 5-m serial sections were obtained from the ligature in a proximal direction. A total length of 1.2 and 2.0 mm from the knot was examined for the 1-and 6-week experiments, respectively.
Morphological Analysis
All samples were blinded by randomly assigning each animal a letter code and the sections a serial number indicating distance from the ligature. For each animal, 12 sections at equal distance proximal to the ligature were analyzed within a 400-m region to avoid quantification of regions with massive lesions or no lesions at all. 24 This region lay between 800-to 1200-m and 400-to 800-m proximal to the ligature in the 1-and 6-week groups, respectively. The internal elastic lamina (IEL), external elastic lamina (EEL), and lumen were traced in digitized images. Luminal area (L; remaining open lumen), neointimal area (I; area inside IEL minus L), and medial area (M; area between IEL and EEL) were calculated and expressed in square micrometers. Variations between repeated tracings of the same section were Ͻ1% for length and area determinations.
Analysis of SMC Proliferation In Vivo
One-week-old lesions were analyzed for proliferative activity. Twelve randomly selected sections from four animals per group were stained for Ki67. All nuclei in the neointima were counted, and replication index was determined by dividing the number of Ki67-positive nuclei by the total number of nuclei.
ECM Preparation and 125 I-FGF-2 Binding Assay
Twenty-four-well plates were coated overnight with 0.1 mg/mL type I collagen in 0.45 mol/L acetic acid and rinsed with PBS, and SMCs were seeded in F-12/20% FCS (10 000 cells/cm 2 ) and grown for 5 days. Wells without cells were used as background control. Cell-free ECM was prepared by treatment with 0.5% Triton X-100 in PBS and 25 mmol/L ammonium hydroxide in PBS, as previously described. 25 Total protein in the ECM was quantified as described above and was equivalent between Hspg2 ⌬3/⌬3 and wild-type. The ECM was blocked for 2 hours in F-12/4% BSA and treated with heparinase buffer or digested with chondroitinase or heparinases, as described above, and then incubated for 1 hour with 50 nmol/L 
Statistical Analysis
Differences between the experimental groups analyzed in vitro and in vivo were tested by unpaired Student's t test and ANOVA, respectively. Data are expressed as mean with SEM or SD, as indicated. PϽ0.05 was considered significant.
Results

Vascular Phenotype of Hspg2
⌬3/⌬3 Mice and SMCs
Mutant mice showed no birth defects, were bred normally, and developed without abnormalities except for congenital cataracts. 21 To study vascular development, Hspg2 ⌬3/⌬3 and wild-type mice were kept on chow diet, and the heart and aorta, including main branches, were analyzed by light and electron microscopy at different times up to 1 year. No differences were noted between wild-type and Hspg2
⌬3/⌬3
animals in vessel development and endothelial cells, and SMCs exhibited normal ultrastructural features with a basement membrane adjacent to the cells (not shown).
SMCs isolated from wild-type and Hspg2 ⌬3/⌬3 mice aorta were seeded in F12/20% FCS and processed for light and electron microscopy after 3 and 5 days of primary culture. No differences with respect to adhesion efficiency and cell morphology were observed. Ultrastructurally, both cell types showed a typical transition from contractile into synthetic phenotype during the first week of culture. 26 Cells from the 
Reduced HSPG Production by Hspg2 ⌬3/⌬3 SMCs
Wild-type and Hspg2 ⌬3/⌬3 SMCs were labeled in vitro with 35 S-sulfate, and PG production was analyzed by concentrating medium and cell-layer material over DEAE columns followed by digestion with chondroitinase or heparinases and SDS-PAGE. This protocol yields PGs with attached GAG side-chains only, and no nonglycosylated material (HSdeficient perlecan) is recovered. After chondroitinase digestion of medium samples from wild-type SMCs, large HSPG, presumably perlecan, was identified as a smear in the stacking gel and an intense band at the top of the resolving gel ( Figure 1A) . 22 The identity of perlecan was confirmed by immunoblotting ( Figure 1B) . Large HS-perlecan was not detectable in medium samples from Hspg2 ⌬3/⌬3 SMCs ( Figure  1A) . The smear at the top of the resolving gel with diminishing intensity toward 213 kDa, possibly representing small cell-surface-bound HSPGs (syndecans, glypicans, or perlecan with HS chains attached to domain V), was similar in the medium from wild-type and Hspg2 ⌬3/⌬3 ( Figure 1A ). 10,27 Treatment with both chondroitinase and heparinase yielded complete digestion of the samples, confirming that the analyzed material indeed represented the HS ( Figure 1A) .
Analysis of material from the cell layer revealed nearly identical results (not shown). The results show that the
Hspg2
⌬3/⌬3 mutation results in a depletion of large HSperlecan and a significant reduction in the overall secretion of HS by SMCs.
Because nonglycosylated proteins are lost with DEAE purification, the production and deposition of perlecan core protein in wild-type and Hspg2 ⌬3/⌬3 SMC cultures was analyzed by immunocytochemistry and a modified ELISA. A slight increase in perlecan staining was observed in Hspg2 ⌬3/⌬3 SMC cultures compared with wild-type cells (Figures 2A and 2B ). In support of this observation, 20% more perlecan was detected in the cell layer of Hspg2
⌬3/⌬3
SMCs by ELISA compared with wild-type cells ( Figure 2C ). In addition, ELISA showed a significant reduction of HS in Hspg2 ⌬3/⌬3 cultures ( Figure 2D ), confirming the SDS-PAGE analysis of 35 S-labeled material.
Reduced Production of Large HS-Perlecan Is Associated With Increased Proliferation of SMCs In Vitro
Because heparin and HS-containing molecules have been shown to inhibit SMC proliferation, the growth potential of Hspg2 ⌬3/⌬3 was compared with wild-type SMCs. The lag phase to DNA synthesis after serum stimulation was found to be Ϸ24 hours in both cell types ( Figure 3A) . Hspg2
⌬3/⌬3
SMCs responded with increased DNA synthesis compared with wild-type cells after stimulation with 10% FCS, PDGF-AA, PDGF-BB, FGF-2, EGF, and HB-EGF ( Figure 3B ).
Increased Intima Formation in Hspg2
⌬3/⌬3 Mice After Carotid Artery Flow Cessation
In vivo SMC growth was analyzed using a carotid artery ligation model earlier shown to generate reproducible intimal lesions attributable to SMC proliferation. 24 The carotid artery was ligated and prepared for morphological analysis after 1 and 6 weeks. Vessels in Hspg2 ⌬3/⌬3 mice developed an increase in intimal area and ratio of intima to media area compared with wild-type controls already at 1 week after 
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surgery. At 6 weeks, these differences were even more pronounced ( Figures 4B and 4D ). No differences were found in residual lumen or medial area ( Figures 4A and 4C) . Examination of sections collected 12 hours after flow cessation did not reveal any thrombus formation in either Hspg2 ⌬3/⌬3 or wild-type mice (not shown).
Intimal Lesions in Hspg2 ⌬3/⌬3 Mice Contain Perlecan Core Protein and Proliferating SMCs
To determine the mechanisms behind the enhanced intimal hyperplasia in mutant mice, lesions were also analyzed by electron microscopy and immunocytochemistry. The ultrastructure of intimal lesions from wild-type and Hspg2
⌬3/⌬3
animals was equivalent. After 1 week, the lesions were a few cell layers thick and consisted of leukocytes (granulocytes, monocytes, and lymphocytes) and polygonal cells with abundant synthetic organelles (sometimes observed in mitosis), dispersed in a scanty and loosely arranged ECM. After 6 weeks, the lesions were larger and built up by synthetic cells with a large endoplasmic reticulum (ER) and Golgi complex and differentiated SMCs surrounded by a dense ECM rich in collagen and elastic fibers (Figures 5A through 5C ).
Immunohistochemical analysis of 6-week-old lesions showed a similar pattern of deposition of perlecan core protein in Hspg2 ⌬3/⌬3 as in wild-type mice, with more staining in the neointima than in the media (Figures 6A and 6B) . With the exception of the endothelial cell layer, possibly representing cell surface-bound syndecans and glypicans, HS staining was absent in the vessel wall of Hspg2 ⌬3/⌬3 animals, whereas a diffuse staining was seen in the wild-type (Figures 6C and  6D) . SMC ␣-actin was expressed by almost all cells in the media and in the intima both in Hspg2 ⌬3/⌬3 and wild-type animals ( Figures 6E and 6F) .
Proliferative activity in the lesions was quantified at 1 week after ligation by staining for Ki67. Only nuclei in the intima were counted, because hardly any nuclei in the media stained positively for Ki67 at this time point. The replication index was significantly higher in Hspg2 ⌬3/⌬3 mice compared with wild-type controls (Figures 7A through 7C ).
Reduced Binding of FGF-2 to the ECM of
Hspg2
⌬3/⌬3 SMCs FGF-2 has been established as a potent mitogen for SMC proliferation in intimal hyperplasia. 16 FGF-2 may bind to HS chains in the ECM, which then serves as a reservoir for mitogens. 28 In this study, binding of 125 I-FGF-2 to cell-free ECM prepared from Hspg2 ⌬3/⌬3 and wild-type SMC cultures was analyzed. Hspg2 ⌬3/⌬3 ECM was found to bind Ϸ75% less 125 I-FGF-2 than wild-type. Pretreatment with chondroitinase did not change the binding capacity of 125 I-FGF-2 to either ECM, whereas pretreatment with heparinases reduced binding down to background level (Figure 8) 
Discussion
SMC proliferation can be inhibited by heparin or HSPGs and promoted after removal of HS with heparinases both in vitro and in animal models. 15, 18 These observations suggest that endogenous perlecan may regulate SMC function in the vessel wall, possibly by modulating the accessibility or activity of heparin-binding mitogens such as FGF-2. 16, 18, 20, 28, 29 In this study, the role of large HS-perlecan in the control of SMC proliferation was studied in Hspg2 ⌬3/⌬3 mice lacking attachment sites for HS side-chains in domain-I of the perlecan core protein. 21 In vitro, Hspg2 ⌬3/⌬3 SMCs deposited an ECM depleted of HS with a defective FGF-2 binding ability but with normal amounts of perlecan core protein. Moreover, they showed higher proliferative capacity than wild-type cells. In vivo, Hspg2 ⌬3/⌬3 mice displayed normal cardiovascular development but enlarged intimal lesions and increased SMC proliferation after flow cessation in the carotid artery.
Homozygous-null mutation in the perlecan gene results in an embryonically lethal phenotype attributable to cardiovascular malformations and ruptures of the heart and the large vessels. 30 Transgenic mice lacking other basement membrane components, such as the laminin ␥ 1 chain or dystroglycan, develop abnormal basement membranes and are also embryonically lethal. The same is true for mice lacking N-deacetylase/N-sulfotransferase-1, an enzyme engaged in HS biosynthesis. 12,31-33 However, Hspg2
⌬3/⌬3 mice displayed normal vascular development, indicating that the HS chains of domain I in perlecan are not required in this process. Because the HS chains of perlecan have been shown to interact with laminin and support the structural integrity of basement membranes, it is possible that GAG chains attached to other domains of the molecule are sufficient for basement membrane assembly. 8 Analysis of PG production in SMCs isolated from Hspg2 ⌬3/⌬3 mice demonstrated depletion of large HS perlecan, and reduced levels of HS were found in the cell layer of
Hspg2
⌬3/⌬3 SMCs by ELISA, indicating that perlecan is the predominant large HSPG produced by mouse SMCs. As expected, deletion of exon-3 did not interfere with secretion of perlecan core protein, and mutant cells deposited more core protein in the cell layer, as determined by ELISA and immunocytochemistry. Possibly the lack of HS chains in domain I promotes perlecan retention at the cell surface through integrin receptor binding. 34 Hspg2 ⌬3/⌬3 and wild-type SMCs showed a similar ultrastructure and passed through the transition from a myofilament-rich, contractile phenotype into an ER/Golgirich, synthetic phenotype at identical rates. Cell adhesion, focal adhesion formation, and cell spreading were not affected in mutant cells, even though HS has been suggested to be necessary for focal adhesion formation. Most likely, this property is associated with cell-surface HSPGs such as syndecans, whereas the HS chains of perlecan rather prevent SMC adhesion. 23, 35 Reduced secretion of large HS-perlecan by Hspg2 ⌬3/⌬3 SMCs was associated with increased proliferation. Perlecan has previously been demonstrated to prevent SMC replication in vitro, and induction of perlecan synthesis by apolipoprotein E was coupled to SMC growth inhibition. 36 -39 The antiproliferative properties of perlecan probably reside in the HS chains, because heparinase abolishes the ability of endothelial cell-conditioned medium to inhibit SMC proliferation and because heparin as well as purified HSPGs prevents SMC proliferation. 15, 18, 40 In contrast to cell-surface HSPGs, which potentiate the mitogenic activity of several growth factors, the HS chains of perlecan may sequester growth factors and prevent receptor binding. 27 whereas a heparinase-sensitive binding to wild-type SMC ECM was observed. In the rat carotid balloon injury model, FGF-2 has been shown to be critical for early SMC proliferation. 16 In addition, increased deposition of perlecan has recently been observed in the mature neointima, where SMC proliferation is insensitive to FGF-2 but enhanced after heparinase treatment. 20, 29 These observations suggest that HS-perlecan may regulate FGF-2 activity and SMC proliferation in the intima by sequestering the mitogen. Because we observed increased proliferation of Hspg2 ⌬3/⌬3 SMCs stimulated with non-heparin-binding mitogens, it cannot be excluded that these cells also have a defective capacity to sequester endogenously released mitogens such as HB-EGF in the ECM, which may favor a direct interaction with cell-surface receptors and promote cell proliferation. 43 Intimal lesions were more prominent in Hspg2 ⌬3/⌬3 mice after flow cessation in the carotid artery. Previously, lesion formation in this model has been attributed to an increase in cell number. 24 Accordingly, electron microscopy revealed that the early lesions were made up of leukocytes and ER/Golgi-rich cells, whereas mature lesions primarily contained a mixture of synthetic and differentiated SMCs. The intima was found to contain perlecan core protein without HS staining together with SMC ␣-actin-positive and Ki-67-positive cells. In addition, the proliferation index was increased in the intima of Hspg2 ⌬3/⌬3 mice, suggesting that lesion formation indeed was dependent on SMCs proliferating in an environment lacking large HS-perlecan. In support of our findings, arterial HSPGs were previously found to reduce intimal hyperplasia in rabbits, and endothelial cells transfected with antisense vector against domain III of perlecan were observed to have a reduced capacity to limit intimal hyperplasia when implanted adjacent to an injured porcine artery. 18, 19 Under these conditions, a reduced ability to prevent thrombus formation was also reported. In contrast, we did not observe any increased thrombosis in mutant mice. In support of our findings, hemostasis was recently shown to be preserved in transgenic mice lacking anticoagulant HS. 44 In summary, the results indicate that the HS side-chains of perlecan contribute to SMC growth control both in vitro and in vivo, possibly by sequestering heparin-binding mitogens such as FGF-2. ⌬3/⌬3 (black bars) SMCs and type I collagen (control; gray bars). The ECM was pretreated with buffer, chondroitinase, and heparinase I and II (heparinase), as indicated, and bound 125 I-FGF-2 was released with heparinase I and II and measured as described in Materials and Methods. Representative results from 3 independent experiments in quadruplicates are presented as meanϮSD (**PϽ0.01).
